DNA methylation is an essential epigenetic mark crucial for normal mammalian development. This modification controls the expression of a unique class of genes, designated as imprinted, which are expressed monoallelically and in a parent-of-origin-specific manner. Proper parental allele-specific DNA methylation at imprinting control regions (ICRs) is necessary for appropriate imprinting. Processes that deregulate DNA methylation of imprinted loci cause disease in humans. DNA methylation patterns dramatically change during mammalian development: first, the majority of the genome, with the exception of ICRs, is demethylated after fertilization, and subsequently undergoes genome-wide de novo DNA methylation. Secondly, after primordial germ cells are specified in the embryo, another wave of demethylation occurs, with ICR demethylation occurring late in the process. Lastly, ICRs reacquire DNA methylation imprints in developing germ cells. We describe the past discoveries and current literature defining these crucial dynamics in relation to imprinted genes and the rest of the genome.
Introduction
All cells within an organism contain the same genetic information, yet the phenotypes of these cells vary drastically across tissues and stages of development. Epigenetic control of gene expression allows for the distinct usage and expression of genes, ultimately giving rise to the diverse set of cells and functions within the body. Epigenetics broadly encompasses heritable mechanisms that lead to changes in gene expression without altering the underlying DNA sequence, such as nucleosome positioning and composition, histone post-translational modifications, noncoding RNAs, and DNA methylation. DNA methylation, one of the best studied epigenetic modifications, involves the covalent addition of a methyl group to the carbon 5 position on cytosine (5mC), typically within the context of a cytosine guanine dinucleotide, connected by a phosphodiester bond (CpG). This epigenetic mark is involved in a variety of functions in the mammalian genome, including X chromosome inactivation, gene silencing, genomic stability, cellular identity, and genomic imprinting. While DNA methylation is a stable and heritable epigenetic mark, this modification is also highly dynamic, particularly during mammalian development. The global changes in DNA methylation after fertilization and in primordial germ cells (PGCs) are central to embryonic epigenetic reprogramming. In this review, we summarize the findings from the available literature focusing on epigenetic reprogramming in mammals with a particular emphasis on imprinted genes. As existing methodologies have become more sensitive, and new techniques developed, we have attained a more complete understanding of the processes and significance of epigenetic reprogramming. Here, we present the genes and proteins involved in regulating imprinted DNA methylation (see Tables 1 and 2 for examples of a paternally methylated locus, H19, and for a maternally methylated locus, Igf2r), the kinetics and levels of DNA methylation changes, as well as how different regions of the genome are affected and targeted during these processes. Lastly, we discuss remaining questions regarding reprogramming of imprints.
Epigenetic reprogramming
Reprogramming in mammals consists of two main waves: the first occurs in the zygote and preimplantation embryo, and the second, in the developing germ line. In both cases, these waves include dramatic loss of DNA methylation, followed by subsequent de novo methylation. Although not the focus of this review, histone modifications are also dynamically remodeled during these two waves of reprogramming and there may be mechanistic links between these two epigenetic processes [1, 2] . Thus, epigenetic reprogramming refers to broad changes in epigenetic modifications, such as DNA methylation and histone modifications, that lead to changes in gene expression and cell potency.
The concept of epigenetic reprogramming was initially recognized by Art Riggs when he proposed a role for DNA methylation in facilitating the process of X inactivation in female mammals [3] . In the 1980s, Jähner and Jaenisch observed that changes in gene expression were correlated with DNA methylation and postulated that DNA methylation "may be a condition for 'resetting' the genome" [4] . Later, Monk et al. found that while sperm DNA is highly methylated, blastocysts had very low methylation. Gains of DNA methylation were observed from the blastocyst stage to embryonic day (E)6.5 in the epiblast. By E12.5 and E14.5, PGCs exhibited low levels of DNA methylation, while the somatic DNA methylation levels remained similar to E6.5 epiblasts. Monk and colleagues also observed methylation increases in certain repetitive sequences in male germ cells at E16.5 but not in female germ cells [5] . This study demonstrated that the early embryo and the germline were likely undergoing dynamic DNA methylation changes. Why would these reprogramming events be necessary for early mammalian development? In mammals, germ cells are specified from the epiblast [6, 7] . Therefore, reprogramming of DNA methylation is required to erase the epiblast-specific pattern of DNA methylation enabling the subsequent acquisition of sperm-or egg-specific epigenetic marks [5] . This is also true for the zygote, which must erase the cell-type specific DNA methylation marks that define the sperm and oocyte in order to facilitate DNA methylation patterns characteristic of somatic cells. DNA methylation erasure is also postulated to ensure that abnormal epigenetic marks are not transmitted to the next generation [8, 9] . Lastly, erasure of DNA methylation in the fetal germ line provides a blank slate so that parental-specific imprinting marks can be properly established according to the sex of the developing embryo [10] .
Genomic imprinting
Genomic imprinting is a phenomenon where a subset of genes in the mammalian genome is expressed from a single parental allele. We contrast this definition of imprinted genes with genes that show allelically biased expression, as the mechanism governing biased expression is unclear. Currently, approximately 150 imprinted genes in mice and about 100 in humans have been identified, many of which are imprinted in both species. Imprinted genes tend to be found in clusters, and this allows for their coordinated regulation by a cis-acting regulatory element called an imprinting control region (ICR). These elements are characterized by parental-allele-specific DNA methylation, which regulates their unique expression pattern (reviewed in [11] ).
The inequivalence of the paternal and maternal genomes was known well before the identification of imprinted genes. Nuclear transfer experiments in mice demonstrated that both maternal and paternal contributions were necessary for viable pups, whereas uniparental embryos failed to develop to term. Additionally, it was shown that uniparental disomies in specific genomic regions were detrimental or gave rise to phenotypes dependent upon the parent of origin, in both mouse and humans. Lastly, a subset of transgenic mouse lines exhibited parent-of-origin specific expression of the transgene, suggesting that some genomic sequences could be differentially modified in the germline [11] .
The first three imprinted genes were described in the early 1990s: insulin growth factor receptor 2 (Igf2r) [12] , H19 [13] , and insulin growth factor 2 (Igf2) [14] . Two of these genes (H19 and Igf2) are linked (Figure 1) , which prompted the original suggestion that imprinted genes are clustered. Once imprinted genes were identified, the question of how this unique expression pattern is conferred was pursued. It was hypothesized that a specific sequence could be marked epigenetically, or a sequence could be recognized by a trans-acting epigenetic regulatory protein. Given the suggestion that imprints must be set in the germline, maintained through fertilization, and erased in embryonic germ cells, it was speculated that DNA methylation may be the epigenetic mark that fit these criteria [14] . Consequently, rigorous searches for differential DNA methylation were undertaken. For example, at the H19 locus, a region of paternal-specific methylation was found in a 7-9 kilobase region encompassing part of the H19 gene itself, as well as a 5 region [15] . This region was further refined to a 2 kilobase region 5 of H19 that was found to be DNA methylated in sperm but not oocytes, and this differential methylation was maintained during development [16, 17] . Definitive evidence that DNA methylation regulates imprinted gene expression came from a mouse knockout model of the DNA methyltransferase 1 (Dnmt1) gene, which resulted in DNA hypomethylation and loss of imprinted gene expression (Tables 1  and 2 ) [18] . More recently, genome-wide analyses using F1 hybrid animals have confirmed existing regions as well as uncovered new differentially methylated regions (DMRs) in mice [19] .
Ultimately, the test of whether a DMR conferred imprinted expression of one or multiple genes was undertaken using genetic deletion in mice. Loss of imprinted gene expression upon deletion of a DMR provided evidence that the sequence was causal in conferring imprinted gene expression-these regions are designated as ICRs. In addition to regulation of monoallelic gene expression, ICRs have other functions. The H19 ICR, for example, is DNA methylated exclusively on the paternal allele [17] . CCCTC binding factor (CTCF), a multifunctional, methylation-sensitive architectural protein, binds to the unmethylated maternal ICR and forms a functional insulator blocking the access of downstream enhancers from interacting with the upstream Igf2 promoter [20] . On the paternal allele, DNA methylation at the ICR prevents CTCF binding, allowing the downstream enhancers to interact with the Igf2 promoter and promote transcription. The DNA methylation from the ICR spreads into the H19 promoter, silencing H19 expression [21] ( Figure 1 ). Other ICRs serve as promoters for noncoding RNAs. For example, the paternally unmethylated Igf2r ICR is the promoter for the paternally expressed Airn, the KvDMR serves as the promoter for the paternally expressed Kcnq1ot1, and the Snrpn ICR is the promoter for Ube3a-ats [11] . The importance of proper monoallelic expression of imprinted genes is exemplified by their misregulation in human imprinting disorders and the abnormal phenotypes described in various genetic mouse models where imprinted gene dosage or ICR mutations have been constructed. For example, in patients where there is an abnormal gain of methylation at the H19 ICR, H19 is silenced and IGF2 is biallelically expressed, resulting in an overgrowth disorder known as Beckwith-Wiedemann syndrome [22] .
Intriguingly, these parent-specific DNA methylation marks at ICRs are dynamically regulated during development (Figure 2 ). DNA methylation imprints are first set in the germline and maintained through fertilization and preimplantation development, despite a nearly complete demethylation of the genome. DNA methylation imprints are then erased in the developing PGCs of the embryo, which allows the establishment of sex-specific marks in the gametes (as reviewed in [23] ). Below, we describe the regulators of DNA methylation, observations of changing ICR DNA methylation levels beginning with maintenance at fertilization, erasure of imprints following the specification of PGCs, and the acquisition of imprints in the developing germ cells. ICR methylation dynamics are described in the context of concurrent genome-wide changes in DNA methylation.
How is DNA methylation regulated?
DNA methyltransferases DNA methylation is a catalytic reaction carried out through the use of the methyl donor, S-adenosylmethionine. This covalent modification of cytosine residues typically occurs in a CpG context, although non-CpG methylation has been observed, particularly in the brain and in oocytes [24, 25] . Collectively, the DNA methyltransferase enzymes (DNMTs) add and maintain levels of DNA methylation throughout the genome.
The first identified family member of DNMTs was DNMT1. Dnmt1 homozygous null animals die during midgestation, indicating the importance of DNA methylation during development. DNMT1 maintains DNA methylation by copying existing methylation patterns onto newly replicated DNA strands. Evidence suggests that DNMT1 can methylate cytosines in a de novo fashion [26] , although the enzyme's preferred substrate is hemimethylated DNA [27] . The maintenance function of DNMT1 is accomplished by binding to ubiquitin-like with PHD and ring finger domains 1 (UHRF1, also known as nuclear protein, 95 kDa (NP95)) [28] . UHRF1 binds to proliferating cell nuclear antigen, the sliding clamp of the DNA replication fork [29] . UHRF1 additionally is recruited to the replication fork by DNA ligase 1 (LIG1) [30] . Thus, DNMT1 is targeted to the replication machinery and explains the mechanism behind its maintenance function.
Evidence for additional DNMTs became apparent when residual DNA methylation was observed in Dnmt1 null embryonic stem cells (ESCs) and mice [31] . Through homology searches, two additional methyltransferases were discovered, called DNMT3A and DNMT3B [32] . These de novo methyltransferases can add DNA methylation with equal affinity for nonmethylated and hemimethylated DNA substrates and have also been shown to have some maintenance functions as well [32, 33] . Dnmt3a null mice die approximately four weeks after birth, whereas Dnmt3b homozygous knockout animals die after E9.5 [32, 34] .
Lastly, the DNMT3L protein lacks a catalytic domain but binds to both of the de novo methyltransferases and acts as a stimulatory cofactor. DNMT3L contains a plant homeodomainlike domain (PHD) that recognizes unmethylated histone 3 lysine 4 (H3K4) residues and therefore is important for targeting the enzymes to chromatin. Dnmt3l homozygous knockout animals also die around E9.5 (reviewed in [35, 36] ). Interestingly, mouse ESCs can tolerate the combined deletion of DNTM1, DNMT3A, and DNMT3B despite the near complete abolishment of DNA methylation. However, these cells have compromised differentiation, emphasizing the critical role of DNA methylation in development [37] . Evidence for active DNA demethylation
Breaking a carbon-carbon bond between the methyl group and the cytosine ring was thought to be impossible given the extreme thermodynamic input required in a physiological setting. However, evidence that DNA methylation could be removed was first demonstrated by Gjerset and Martin, who described demethylation in nuclear extracts from erythroleukemia cells where 5mC was replaced with an unmodified cytosine. This demethylation occurred in the absence of DNA synthesis, was proportional to the amount of protein added to the reaction, and was abolished by the addition of both proteinase K and heat inactivation, indicating an enzymatic activity [38] . This demethylation was specific to DNA methylated CpGs [39, 40] . Likewise, HeLa cell extract exhibited such an activity and additionally demonstrated newly generated abasic sites in the template, indicating glycosylase involvement [41] . Lastly, it was shown that fusion of somatic cells with germ cells caused extensive DNA demethylation of somatic nuclei [8] . This early evidence pointed to an active process whereby 5mC is replaced without DNA replication. While many candidate proteins and pathways have been described as the origin of a demethylating activity (for further information, see [42] [43] [44] ), one of the most promising discoveries involves a family of proteins called the Ten-eleven translocation (TET) family, as described below.
Oxidative demethylation by TET1, TET2, and TET3
In 2002, a fusion protein containing part of the mixed lineage leukemia (MLL) histone methyltransferase and a previously uncharacterized protein, called leukemia-associated protein with a CxxC domain (LCX), was described in patients with MLL [45] . However, it was not until 2009 that the relevance of this new protein became apparent [46, 47] . A newly described cytosine modification, 5-hydroxymethylcytosine (5hmC), was an oxidation product of 5mC and was reported in Purkinje neurons and mouse ESC DNA [46, 47] . Crucially, Tahiliani et al. demonstrated that LCX, now known as ten-eleven translocation methylcytosine dioxygenase 1 (TET1), was responsible for generating 5hmC and that this activity depended on a functional catalytic domain as well as Fe(II) and alpha-ketoglutarate. The two other TET family members, TET2 and TET3, were also shown to catalyze the 5hmC reaction, and all three family members can further oxidize 5hmC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) [48] [49] [50] . The use of Dnmt3a/3b null mice revealed a reduction in 5fC, suggesting that 5fC accumulation was likely dependent on 5mC first being oxidized by TET to 5hmC [51] . The structure of the TET2 catalytic domain revealed that the enzyme works by using a base-flipping mechanism. The methyl group of cytosine does not participate in the DNA-enzyme interaction and thus the active site can accommodate the larger oxidized cytosine bases [52] . Together, these important studies supported the idea that the TET family of proteins is responsible for 5mC oxidation and thus led to the prevailing view that TETs are a major regulator of DNA demethylation.
TDG and base excision repair
Thymine DNA glycosylase (TDG) was originally described for its DNA glycosylase activity on G/T mismatches. Nevertheless, there had been hints that this enzyme was also involved in DNA demethylation [41, 53, 54] . It is now appreciated that TDG cleaves 5fC and 5caC rapidly in vitro, whereas the enzyme shows no activity on 5hmC [50] . This cleavage results in an abasic site that is subsequently repaired by base excision repair. Indeed, inhibition of base excision repair proteins downstream of TDG such as apurinic/apyrimidinic endonuclease 1 or poly(ADP-ribose) polymerase 1 (PARP1) [55] [56] [57] in cultured mouse zygotes leads to accumulations of 5mC in zygotes [57] . Other experiments that inhibited PARP pharmacologically in pregnant dams also led to increases in DNA methylation at certain imprinted genes in fetal PGCs. TDG null embryos die around E12.5 [58, 59] , further underscoring this protein's role in a critical developmental pathway.
Preimplantation DNA methylation reprogramming
Genome-wide DNA demethylation
After fertilization, the paternal pronucleus undergoes rapid demethylation before the onset of DNA replication whereas the maternal genome demethylates more slowly over multiple cell divisions. These kinetics indicate that the paternal genome is actively demethylated whereas the maternal genome is demethylated in a passive, replication-dependent manner [60] . Multiple groups have described TET3 activity as well as the accumulation of all three oxidized cytosine bases in both parental pronuclei [61, 62] . This accumulation depends on TET3 and TET1 as depletion of TET3 in the oocyte leads to an impairment of 5hmC accumulation, whereas depletion of both TET1 and TET3 leads to a complete absence of 5hmC at the eight-cell stage [63] [64] [65] . It is likely that 5hmC, 5fC, and 5caC are removed by passive dilution as these bases are only found on one half of the paternally derived chromatids [66, 67] . Interestingly, the oxidation of 5mC in the zygote may not be necessary for the global demethylation as previously thought. Shen and colleagues demonstrated that demethylation still occurred in paternal pronuclei despite a conditional oocyte-specific Tet3 knockout, suggesting that zygotic TET3 was partially responsible for demethylating the paternal genome and that only certain regions were dependent on TET3 for 5mC oxidation. When wild-type zygotes were treated with the replication inhibitor aphidicolin, 5mC levels did not decrease, despite the continued activity of TET3 as evidenced by the presence of the oxidized bases 5hmC, 5fC, and 5caC [61] . Further evidence that 5hmC accumulation does not drive DNA demethylation was demonstrated by precise staging of zygotes and detection of 5mC and 5hmC using antibody staining [68] . This experiment demonstrated that the global wave of DNA demethylation is complete by pronuclear stage (PN)3, which is before the accumulation of 5hmC. It was further demonstrated that the accumulation of 5hmC was dependent on previously underappreciated activities of both maternally inherited DNMT3A and DNMT1 [68] . Thus, the role of TET3 in the zygote may not be connected to the initial DNA demethylation of the genomes after fertilization, but may be serving to protect normally unmethylated regions from inappropriate acquisition of DNA methylation [68] .
Imprinted regions escape preimplantation DNA methylation reprogramming
Even before the discovery of imprinted genes, it was appreciated that the functional differences between maternal and paternal genomes remained intact during genome-wide demethylation that occurred in the zygote [69] . Now, it is clear that a generalized feature of ICRs is the maintenance of DNA methylation and simultaneous protection from demethylation after fertilization. How are ICRs protected? Developmental pluripotency-associated 3 (DPPA3) is a highly expressed protein in oocytes, PGCs, and both pronuclei in the zygote [70] . When DPPA3 is deleted, both maternal and paternal genomes lose methylation. This is also apparent for ICRs. Dppa3 maternal-null zygotes lose imprinted DNA methylation at the H19 (Table 1) , Peg1, Peg3, Peg10, and Rasgrf1 ICRs. In contrast, the IG-DMR, Snrpn, and Peg5 ICRs remained methylated, indicating that DPPA3 is partially responsible for the maintenance of DNA methylation at a subset of ICRs [71] . It has been suggested that DPPA3 exerts a maintenance function by binding to and inhibiting the activity of the C-terminal catalytic domain of TET2 and TET3 [72] . However, these results should be interpreted with caution as the co-immunoprecipitations were conducted in human embryonic kidney 293T cells [72] , which express low levels of TET proteins endogenously [73, 74] . Also in 293T cells, approximately 60% of TET3 chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) peaks overlapped with DPPA3 peaks, and vice versa. Analysis of the DNA sequence bound by DPPA3 indicated a motif preference found in the ICRs of Peg1, Peg3, Peg10, and H19. [72] . Additionally, DPPA3 can bind to H3K9me2, which is enriched on the methylated allele of imprinted genes, further explaining the targeting and protection of ICRs afforded by DPPA3 binding [75] .
Perhaps a more compelling factor that is involved in the protection of ICR methylation during preimplantation development is zinc finger protein 57 (ZFP57) [76] . Null embryos from Zfp57 heterozygous matings show a partial lethality phenotype [76] . Maternalzygotic null zygotes exhibit changes in total expression of imprinted genes regulated by the IG-DMR and loss of ICR DNA methylation, but the ICR DNA methylation and imprinted gene expression at the H19/Igf2 locus are unaffected ( Table 1 ). The maternal-zygotic Zfp57 mutants also lose methylation at the Snrpn, Peg1, Peg3, and Peg5/Nnat ICRs [76] . Interestingly, ZFP57 binds only to the methylated ICR and this methylation is necessary for its binding [77, 78] . The allele-specific binding is neither observed at secondary DMRs (DMRs that gain methylation in the somatic lineage as opposed to in the germline, Figure 2 ) nor at DMRs unrelated to imprinted genes in the germline [78] . ChIP-seq experiments demonstrated that a six-base pair motif, TGCCGC, is found at almost all of the known ICRs. This motif is sufficient to maintain imprinted methylation at the Snrpn ICR when it is integrated away from its endogenous locus, but mutations of the motif cause a loss of methylation maintenance [79] .
The ability of ZFP57 to serve an ICR methylation maintenance function lies in its interacting partners. ZFP57 binds tripartite motifcontaining 28 (TRIM28, also known as KAP1 or TIF1-beta), which is a corepressor that recruits repressive histone modifiers like histone deacetylases, the histone methyltransferase SETDB1, and DNA methyltransferases to chromatin [80] . The recruitment of maternal DNMT1 is essential for imprint maintenance as maternal-zygotic Dnmt1 mutation also leads to demethylation at ICRs in zygotes [81] . Trim28 hypomorphic zygotic mutants maintain imprinted DNA methylation at the IG-DMR, but loss-of-function zygotic mutants lose DNA methylation at IG-DMR in a partially penetrant manner, indicating the amount of TRIM28 is important for ICR protection. Hypomorphic maternal-zygotic Trim28 mutants exhibit biallelic expression of H19 (Table 1) , Gtl2, and Snrpn [82] . Additionally, single cell methylation analysis of six ICRs (H19, IG-DMR, Igf2r, Snrpn, Peg3, Nnat), demonstrated that maternal loss of Trim28 resulted in highly variable demethylation of these ICRs within the same blastomere (Tables 1 and 2 ). This result suggests that maternal Trim28 deficiency leads to an incompletely penetrant ICR demethylation phenotype [83] .
Peri-implantation de novo methylation of the genome
Following zygotic epigenetic reprogramming, the blastocyst is hypomethylated with the exception of imprinted genes, intracisternal A particle elements (IAPs), and a subset of gene promoters, including genes enriched in functions such as gamete generation and sexual reproduction [84, 85] . Beginning at the early blastocyst stage and culminating by E6.5, the genome gains DNA methylation globally while certain CpG islands remain hypomethylated [24, 85] . PGCs are specified from cells with this aforementioned methylated state, which then must be subsequently erased, as discussed in the following section.
PGC DNA methylation reprogramming
PGCs are specified at E7.25 in the mouse. After specification, PGCs proliferate and migrate from the epiblast toward the genital ridge. PGCs then undergo a second wave of demethylation to erase the epiblast cell fate and facilitate germ-cell fate. Here, DNA is demethylated at ICRs [2] . First, levels of genome-wide methylation decrease as early as E8.0, while some regions maintain DNA methylation. A later, second wave targets these initially resistant regions, leading to the lowest levels of methylation in PGCs by E13.5. This two-step demethylation process may be important for suppressing premature differentiation of the germline [86] .
Bulk genome-wide demethylation in PGCs: the early wave
Numerous studies have demonstrated genome-wide demethylation in PGCs from E7.25 to E13.5. Immunofluorescence staining of 5mC showed that PGCs are globally demethylated starting as early as E8.0, concomitant with the onset of PGC migration. Genome-wide profiling confirmed these observations [87] [88] [89] . Demethylation is accompanied by global loss of H3K9me [90] , downregulation of DNMT3A [90] , and cytoplasmic localization of DNMT3B. DNMT1 is expressed and localized to the nucleus from E10.5 to E13.5 [91] . In PGCs, Uhrf1 mRNA is also consistently downregulated after E7.25, and UHRF1 protein expression is undetectable between E8.5 and E11.5 [92] , indicating impaired targeting for DNMT1 to the replication fork [93] . Passive dilution of DNA methylation was further demonstrated using hairpin bisulfite sequencing, where strandspecific DNA methylation can be determined. In PGCs, hemimethylated DNA strands significantly increased between E10.5 and E11.5 at long-interspersed nuclear elements-1 [92] . Overall, these observations indicate that a variety of mechanisms facilitate DNA demethylation, including downregulation and nuclear exclusion of de novo and maintenance DNA methylation machinery and absence of the targeting factors.
Does the oxidation of 5mC by TET proteins contribute to global DNA demethylation in PGCs? Tet1 and Tet2 mRNA and protein are detectable in PGCs between approximately E9.5 and E12.5. Notably, Tet3 mRNA and protein levels are undetectable, indicating 5hmC is most likely generated by TET1 and TET2 in PGCs [57, 94, 95] . PGCs assayed for 5mC and 5hmC with mass spectrometry showed increases in 5hmC starting at E8.75 through E12.5. However, immunostaining did not reveal changes in the levels of 5fC and 5caC, indicating that further oxidation of 5hmC is not involved in the bulk wave of DNA demethylation [95, 96] . Consistently, in chromosome spreads, 5hmC was only detected on one sister chromatid suggesting that dilution of the oxidized base through passive replication is responsible for demethylation in PGCs [96] . To determine the role of TET1 catalytic activity on DNA demethylation in PGCs, an allele without the catalytic domain of TET1 was generated (Tet1 Gt ) and methylation was profiled in Tet1 Gt E13.5 PGCs. Overall, global levels of methylation were unchanged, suggesting that TET1 does not contribute to genome-wide demethylation but may play roles in locus-specific demethylation instead [94] . It is notable that while overall levels of DNA methylation decrease beginning at E8.0 in PGCs, and reach a minimum at E13.5, not all parts of the genome follow these demethylation kinetics. Certain regions are initially resistant to this wave of DNA methylation, indicating DNA methylation is maintained. These regions include ICRs, a subset of repetitive elements, and CpG islands on the Xchromosome [88, 91, 97] . In order for DNA demethylation-resistant loci to maintain DNA methylation, two processes are required. First, the loci must be resistant to demethylation, possibly through the use of proteins that protect DNA from demethylation. Second, methylation must be maintained during cell division. DNMT1, despite the low levels of UHRF1 in PGCs [90] , methylates the H19 ICR, Snrpn ICR, and IAP elements. This suggests that DNMT1 can localize to specific regions including IAPs and ICRs to maintain DNA methylation [86] .
ICR demethylation in PGCs
As stated above, ICRs retain their methylation in PGCs until approximately E10.5 and then are demethylated in a gene-specific stereotypical pattern. This result was first demonstrated by assaying DNA methylation at individual imprinted genes. Early profiling studies in F1 hybrid mice demonstrated that the H19 ICR was considerably demethylated on both the maternal and paternal allele by E13.5 in PGCs [21] . Lee et al. generated embryos from PGC clones and used the imprinting status of these embryos as proxies for the imprinted status in the parental PGCs. ICRs in embryos derived from E11.5 PGCs had very different levels of methylation, indicating this demethylation of ICRs occurs somewhat stochastically across a population of PGCs. This result also suggested that each ICR had its own demethylation timing: the Nnat ICR was one of the earliest to demethylate, the H19 ICR was "intermediate," whereas the Peg10 ICR was the slowest and thus the most resistant to DNA demethylation. The timing of DNA methylation in PGCs and PGC clones had good concordance [98] . Additionally, locus-specific bisulfite sequencing of PGCs revealed that the Peg3, Lit1, Snrpn, and H19 ICRs were demethylated between E11.5 and E12.5, and this demethylation persisted until E13.5 [91] . Sato and colleagues sorted GFP transgenic PGCs and found Igf2r ICR methylation at E10.5, but demethylation initiated at E11.5 [99] .
Simultaneous profiling of all ICR methylation in smaller cell numbers was greatly enhanced by whole-genome bisulfite sequencing. Using this technique, at E10.5, ICRs were approximately 40% methylated. At E13.5, in both males and female PGCs, none of the paternally methylated ICRs showed appreciable DNA methylation, confirming the results from earlier locus-specific approaches [97] . Hackett et al. also found that demethylation timing depended on the imprinted gene in question. Whereas Peg10 and Peg3 ICRs were Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/1/252/4862468 by OUP site access user on 04 October 2018 slow to demethylate, Igf2r ICR and the KvDMR exhibited faster demethylation kinetics [95] . Thus, how long DNA methylation is retained depends on the ICR.
TET-mediated demethylation of ICRs in the second wave of PGC demethylation
The second wave of demethylation includes ICR demethylation. The expression of TET1 and TET2 in PGCs prompted investigators to examine whether these enzymes participate in ICR demethylation. Multiple lines of evidence were consistent with this idea. Fusion of embryonic germ cells derived from E12.5 PGCs with B cells resulted in ICR demethylation, which coincided with a rapid accumulation of 5hmC [100] . Tet1 depletion using short-hairpin RNA interference in this system caused a loss of 5hmC accumulation at the H19 ICR, and the failure to demethylate, despite the presence of TET2 [100] . Physiological experiments directly showed a role for TETs in ICR demethylation. Using glucosyltransferase-quantitative polymerase chain reaction (Glu-qPCR) to measure locus-specific 5hmC, levels of DNA methylation loss correlated with 5hmC gains at the KvDMR, Peg10, Igf2r, and Peg3 ICRs in PGCs [95] . 9.5-and 10.5-day embryos generated from a homozygous Tet1
Gt mouse mated to wild-type mouse [94] , or 13.5-day embryos generated from Tet1; Tet2 double knockout mice mated to either Tet1; Tet2 double heterozygous mice or to wild-type mice [101] , showed hypermethylation at ICRs as well as dysregulated total levels of imprinted gene expression (Tables 1 and 2 ) [96, 101] . Together, evidence strongly suggests that TET1 may be a prominent mediator of ICR erasure. Despite the accumulation of 5hmC in wild-type PGCs, dependent upon the catalytic activity of at least TET1, the further processing of this oxidized base may occur by replication-dependent dilution. Multiple studies report a decrease in 5hmC levels to be consistent with the predicted replication rate of PGCs [95, 102] . Indeed, levels of Tdg mRNA, the protein responsible for cleaving 5fC and 5caC from the genome, drop from E9.5 to E13.5 in PGCs [102] . Therefore, evidence for active processing of 5hmC at ICRs is still wanting.
Reacquisition of DNA methylation at ICRs
Once PGCs have completed demethylation at E13.5, genome-wide and locus-specific remethylation initiates. This remethylation is essential for ICRs to acquire their parental-specific imprints during germ cell development. Male germ cells acquire DNA methylation at ICRs shortly after DNA demethylation ceases, and DNA methylation is completed mostly before birth. In contrast, maternal-specific imprints are acquired predominantly after birth during oocyte growth [103, 104] .
While our understanding of how ICRs are targeted for remethylation in the developing germ cells is incomplete, well-validated observations have been made. First, DNA methylation imprints are acquired when the histone modifications H3K4me2/3 are low, levels of the histone demethylases KDM1A and KDM1B are high, and H3K36me3 is high [105] . Additionally, transcription likely plays a major role in the timing of imprinting acquisition, although transcription is not sufficient to explain this timing [103, 106, 107] . A unique case is found at the Rasgrf1 imprinted locus where piwiinteracting RNAs have been proposed to play a role in DNA methylation establishment in the male germline [108] . While DNMT3B, DNMT3A, and DNMT3L are required for methylating the Rasgrf1 ICR, other ICRs, such as the H19 and Igf2r ICRs, are targeted by DNMT3A and DNMT3L (Tables 1 and 2 ) [103] . Interestingly, the timing of acquisition of imprinted marks is not the same on the previously paternal and previously maternal alleles, indicating a non-equivalence of the underlying chromatin state, despite the lack of DNA methylation in PGCs [21, 104] . Thus, a complex interplay between DNA methylation regulators, chromatin regulators, transcription, and long-noncoding RNAs together functions in a complex manner to methylate the regions crucial for imprinted expression in the next generation.
Remaining questions and future directions
The fields of genomic imprinting and epigenetic reprogramming have greatly expanded over the past decades. Advances in the discovery of key genes and proteins, application of novel, sensitive, locusspecific and genome-wide techniques, and use of genetic knockout models have elucidated many aspects of dynamic DNA methylation genome wide and at ICRs in the early embryo and in PGCs. However, many questions remain. The observation that a subset of ICRs is sensitive to the loss of protective proteins (such as DPPA3 and ZFP57, see Tables 1 and 2 ) shows us that our understanding of DNA demethylation escape in the zygote remains incomplete. Additionally, in PGCs, the relative contributions of TET oxidation and other proposed demethylation pathways remain to be determined. The use of conditional alleles may be useful in deciphering these roles. It is also still unclear how ICRs are specifically targeted for demethylation. This remains an intriguing question and may relate to intricate communication between chromatin modifications, trans factors, and epigenetic regulatory proteins. Similarly, mechanisms leading to the reacquisition of imprinted DNA methylation warrant further investigation. Given these exciting questions, we eagerly anticipate forthcoming discoveries.
